I describe four serious defects of a widely discussed pion exchange model for interquark forces: it doesn't solve the "spin-orbit problem" as advertised, it fails to describe the internal structure of baryon resonances, it leads to disastrous conclusions when extended to mesons, and it is not reasonably connected to the physics of heavy-light systems.
I. INTRODUCTION
The idea that the low-energy degrees of freedom of QCD are quarks, gluons, and Goldstone bosons is an old and interesting one. In one form or another, it has been used in a wide variety of models for the last two decades [1, 2] . While it seems to me that large N c QCD and quenched lattice QCD give one reasons to be skeptical about treating the pion as anything other than an ordinarystate (to leading order in either 1/N c or a quark loop expansion), my goal here is not to discuss the foundations of such models, but rather to offer a critique of a recent and widely discussed variant of such models due to Glozman and Riska [1] in which it is proposed that baryon spectroscopy be described by discarding the standard one-gluon-exchange (OGE) forces of De Rújula, Georgi, and Glashow [3] (which were applied to baryons most extensively by Isgur and Karl [4] ) in favor of the exchange between quarks of the octet of pseudoscalar mesons (OPE). While addressed specifically to the work of Ref. [1] , many of my remarks apply to any model which assumes an interquark force mediated by Goldstone boson exchange.
I have several quibbles with various claims the authors of Ref. [1] have made about the superiority of the OPE fit to the baryon spectrum. For example, I am dubious about their contention that OPE provides a better understanding of the low mass of the N * (1440) 1 2 + relative to the negative parity band of N * 's than OGE. As shown in Ref. [4] , the Coulombplus-linear potential automatically breaks the degeneracy of the positive parity excited states to make the N * (1440)
II. A CATALOGUE OF CRITICISMS A. The Spin-Orbit Problem is Not Solved
One of the central motivations for the Glozman-Riska model was to solve the "baryon spin-orbit problem". The Isgur-Karl model [4] discards spin-orbit forces in view of the data which demand that such forces be small, so that many of the successes of that model are due to the OGE-induced hyperfine interactions (of both the spin-spin and tensor types).
The authors of Ref. [1] note that OPE produces hyperfine interactions without spin-orbit interactions, and argue that this supports their hypothesis that OPE is the true origin of the residual interquark forces (i.e., of interactions beyond those which produce confinement).
This argument has a fundamental flaw. The zeroth-order confining potential, whose eigenstates are the basis for first order perturbation theory in both the Isgur-Karl and
Glozman-Riska models, will produce very strong spin-orbit forces through Thomas precession, a purely kinematic effect. From the observed spectrum of states, it is impossible to escape the conclusion that this source of spin-orbit forces alone would produce inverted spin-orbit multiplets with splittings of hundreds of MeV. Thus the authors of Ref. [1] (in the company of many others) seem to have misunderstood the true nature of the "spin-orbit problem": it is to arrange a sufficiently precise cancellation between dynamically generated spin-orbit forces and the inevitable Thomas-precession-induced spin-orbit forces.
These issues are discussed in the original Isgur-Karl papers [4] , but especially in view of some recent developments in the subject, I will review the main points here. For reasons that will soon become apparent, it is best to start the discussion in the meson sector. The mesons also have a "spin-orbit problem" as can be seen by examining the first band of positive parity excited mesons: the four P-wave mesons of every flavor are nearly degenerate. Most of the observed small non-degeneracies are due to hyperfine interactions, but the spin-orbit matrix elements can be extracted by taking the combination 5 12
from the isovector mesons a 2 , a 1 , and a 0 one obtains a spin-orbit matrix element of −3 ± 20
MeV. As in the baryons, this matrix element is much smaller than would be obtained from OGE. However, as already explained, this is not the point. In fact, a substantial "normal" spin-orbit matrix element is needed to cancel the strong "inverted" spin-orbit matrix element from Thomas precession in the confining potential [7] . For example, a recent fit [8] to the data on heavy-light mesons, including as a limiting case the light-light isovector mesons,
gives an OGE spin-orbit matrix element of +240 MeV and a Thomas precession spin-orbit matrix element from the confining potential of -200 MeV: both are very large but they are nearly perfectly cancelling.
The physics behind this cancellation has received support recently from analyses of heavy quarkonia, where both analytic techniques [9] and numerical studies using lattice QCD [10] have shown that the confining forces are spin-independent apart from the inevitable spinorbit pseudoforce due to Thomas precession. Moreover, as has been known for more than ten years, the data on charmonia require a negative spin-orbit matrix element from Thomas precession in the confining potential to cancel part of the strength of the positive OGE matrix element. If the charm quark were sufficiently massive, its low-lying spectrum would be rigorously dominated by one gluon exchange. Indeed, one observes that the Υ system is closer to this ideal, as expected. Conversely, as one moves from cc to lighter quarks, the ℓ = 1 wave functions move further out into the confining potential and the relative strength of the Thomas precession term grows. It is thus very natural to expect a strong cancellation in light quark systems, though the observed nearly perfect cancellation must be viewed as accidental.
With these lessons in mind, let us now turn to baryons. As shown in the original IsgurKarl paper on the P-wave baryons [4] , and as the reader may now expect, a very similar cancellation occurs in baryons. Indeed, it is shown there that with standard parameters the two-body OGE and Thomas precession terms are of order ±200 MeV, respectively, and cancel nearly perfectly! However, unlike mesons, baryons can also experience three-body spin orbit forces (e.g., potentials proportional to L 12 · S 3 where L 12 is the relative orbital angular momentum operator of quarks 1 and 2 and S 3 is the spin operator of quark 3). The matrix elements of these three body spin-orbit forces are all calculated in Ref. [4] , but no cancellation is found. I.e., the true spin-orbit problem should more properly be called the "baryon three-body spin orbit problem": there is no problem in mesons or in the two-body component of baryon spin-orbit forces. In view of the facts that: (1) one could understand the smallness of spin-orbit forces in mesons, (2) the two-body spin-orbit forces in baryons were naturally small, (3) in deriving the three-body spin-orbit forces, which are relativistic corrections evaluated in a moving frame, there were a number of potential subtleties, and (4) the data clearly called for minimal spin-orbit forces, the Isgur-Karl model simply assumed that a solution to the baryon three-body spin-orbit problem would eventually be found and as a first approximation discarded all spin-orbit forces. It was assumed that, as in mesons, a more precise and broadly applicable description would have to treat the residual spinorbit interactions but it was considered pointless to deal with this subtlety until the baryon three-body spin-orbit problem was solved. For a possible solution of this problem, see Ref.
[11].
It should now be clear that replacing OGE by OPE is not a step forward, but rather a step backward, in dealing with the observed smallness of spin-orbit forces in baryons. By eliminating the OGE spin-orbit forces the Glozman-Riska model has not solved the baryon three-body spin-orbit problem but it has fully exposed (i.e., left completely uncancelled) the strong Thomas precession forces from confinement. Thus, this model has escalated the baryon spin-orbit problem into a "baryon two-and three-body spin-orbit problem", not solved it [12] . can be formed by coupling either quark spin 3 2 or quark spin 1 2 with ℓ = 1. In the general case such a model will therefore give
in an obvious notation. Since the masses of these resonances are only known (and currently interpretable) to roughly 50 MeV, it is not extremely difficult to arrange for a model to
give a satisfactory description of the N * 1 2 − spectrum. However, among models which perfectly describe the spectrum there is still a continuous infinity of predictions for the internal composition of these two states since all values of θ 1 2 − from 0 to π correspond to distinct states.
It had been appreciated for some time [13] − sector, is to ask whether the one "predicted" N * 3 2 + state has production and decay amplitudes consistent with the observed state, and, equally important, to understand why the other four N * 3 2
+ states "did not bark in the night". This is part of the well-known missing resonance problem and, as shown in Ref. [14] , the OGE mechanism of the Isgur-Karl model provides a remarkably complete explanation across the entire baryon spectrum for which states should have been seen and where they are seen [15] . There is no evidence that the OPE model has this critical property.
Our discussion of the definitive role of internal structure would be incomplete without an example which touches back on the issue of spin-orbit forces. That the Λ(1405) − . An analysis [13] of the production and decay amplitudes of the three expected Λ 1 2
− baryons gives a best fit with
where 2 Λ 1 is the quark spin
C. Mesons Are a Disaster
There are two ways in which the OPE model is a disaster for mesons: it doesn't produce hyperfine interactions where they are needed and so requires that we invoke independent mechanisms for creating splittings in mesons and baryons, and it predicts the existence of effects in mesons which are ruled out experimentally.
We know from quenched lattice QCD that at least the bulk of both meson and baryon hyperfine interactions occur in the quenched approximation (i.e., in the absence of closedloops) [17] . This is not only unaesthetic: as we shall see, it is also very difficult to arrange. This same conclusion can be reached by approaching the light quarkonia from another angle. Figure 3(a) shows the evolution of heavy-light meson hyperfine interactions from the heavy quark limit to the same isovector quarkonia. In this case we know that in the heavy quark limit [16] the hyperfine interaction is given by the matrix element of the operator σ Q · B/2m Q . In contrast to heavy quarkonium, however, we do not know that the chro- In the context of the issues being discussed here, where the OPE mechanism cannot contribute, the OGE mechanism is thus the natural candidate for generating meson hyperfine interactions. The objective (as opposed to aesthetic) problem that arises for the OPE hypothesis is that it is then nearly impossible to avoid the conclusion that OGE is also dominant in baryon hyperfine interactions: the OGEandhyperfine interactions are related by a simple factor of 1/2, and given the similarities of meson and baryon structure (for example, their charge radii, orbital excitation energies, and magnetic moments are all similar), it is inevitable that the matrix elements of OGE in baryons and mesons are similar.
Valence quark model calculations support this qualitative argument, finding that mesons and baryons can be described by a universal confining potential with one-gluon exchange at short distances [18] .
There is another very serious problem with the OPE mechanism which surfaces in mesons.
I have explained that there are no Z-graph-induced meson exchanges in mesons. However, Fig. 4 shows how the same meson exchanges which are assumed to exist in baryons will drive mixings in isoscalar channels by annihilation graphs. More mechanically, the OPE mechanism posits the existence of vertices by which quarks couple to pseudoscalar mesons; antiquarks necessarily couple with the same strength to the charge conjugate mesons. By considering the flavor structure of the allowed vertices, it is easy to show that the resulting pseudoscalar meson exchange between the quark and antiquark in a meson must have the character shown in Fig. 4, i. e., it can only operate in isoscalar channels. I have argued above that the structure of mesons and baryons are so similar that it is impossible to avoid their having similar OGE matrix elements. The same is true for OPE matrix elements: it is impossible to maintain that OPE is strong enough to produce the ∆ − N splitting in baryons without predicting a matrix element of comparable strength associated with Fig. 4 in mesons. Such matrix elements will violate the OZI rule [19] .
Consider the mixing between the pure ω-like state
(uū + dd) and the pure φ-like state ss.
This mixing will be driven by kaon exchange and from the preceding very general arguments we must expect that the amplitude A OZI for this OZI-violating process will have a strength of the same order as the 200 MeV Σ * − Σ splitting (which is also driven purely by kaon exchange). Such an amplitude would be an order of magnitude larger than that observed:
A OZI for the vector mesons is very tiny ---of the order of 10 MeV ---corresponding to the known near purity of the φ as an ss state. The only escape from this disaster is to argue for some mechanism external to the model which could cancel the large kaon exchange contribution to A OZI . Given that A OZI is of the order of 10 MeV in not only the 1 −− mesons, but also in all of the other known meson nonets (except the pseudoscalars), this escape route seems implausible.
The mesons thus produce some disastrous conclusions for the Glozman-Riska model. The first is the very unaesthetic conclusion that two totally distinct mechanisms are in operation producing meson and baryon hyperfine interactions: OGE in mesons and OPE in baryons.
The second is the virtual impossibility of having strong OGE matrix elements in mesons without also producing strong OGE matrix elements in baryons, in conflict with the basic hypothesis of that model. The third is that the OPE mechanism produces unacceptably large OZI violation in meson nonets.
D. The Connection to Heavy Quark Baryons is Lost
As shown in Fig. 3(b) , the baryon analog of Fig. 3 
III. CONCLUSIONS
I have focused in this paper on the predictions of the Glozman-Riska model without examining its foundations. I believe the catalogue of problems described in the preceding sections are sufficient to rule the model out. I would nevertheless like to raise objections to the foundations of the model both to avoid the impression that "silence is consent" and also as a caution to any who might attempt to resuscitate the model. I first note that while the Goldstone bosons π, K, η have a special status in QCD as the remnants of spontaneously broken chiral symmetry, they are in most respects rather ordinary. In quenched lattice QCD (and the large N c limit) they are valencesystems in the sense that they appear in two point functions with a single valence quark and a single valence antiquark propagating relativistically from a point of meson creation to a point of annihilation. Of course the relativistic interacting quark and antiquark lines have strong Z-graph components, so a Fock-space decomposition will have, for example, largecomponents, but this is true of any meson or baryon in the quenched (or large N c ) approximation. That there is nothing particularly special about the Goldstone bosons is supported by the fact that their physical size as measured by their form factors is very similar to those of any other meson (e.g., the B, the K, and the π all have very similar charge radii). Their excitation spectra also seem to be totally normal: the 1 P 1 and 3 P J levels of every flavor sector are approximately degenerate.
This observation immediately raises three foundational problems with OPE models. The first may be viewed as a technical issue: a theory in which the degrees of freedom are quarks, gluons, and Goldstone bosons will have a double-counting problem in the meson sector since it will have both a "fundamental" Goldstone boson and a quark-antiquark bound state Goldstone boson. The second problem is that it is not legitimate to treat the quarkGoldstone boson vertex as pointlike: this vertex will be quite soft because the Goldstone bosons are quite large. Thus while the approximation of using a pointlike quark-Goldstone boson coupling is appropriate at large distances where chiral perturbation theory applies, it would be surprising if it were consistent to use this approximation for the small interquark distances inside a proton. Finally, we have seen that the lattice results on quenched QCD force one to associate the OPE model with Z-graph-induced meson exchange as illustrated in Fig. 1 . However, given that these exchanges are being used at short distances and that the structure of the Goldstone bosons is very similar to that of other mesons, there is no obvious rationale for truncating the tower of meson exchanges associated with Fig. 1 with the Goldstone bosons. Recent studies of the effects of meson loop graphs on the quark model [22] show that such a truncation of the meson loop graphs will have dire consequences. The large OZI violation described in Section II-C is just one example of these consequences.
While I consider these foundational issues important, I want to repeat that they are not relevant to the main conclusions of this paper. These conclusions are based on accepting the Glozman-Riska model at face value and showing that it leads to four very serious phenomenological problems: a real spin-orbit problem, an unacceptable description of the internal structure of baryon resonances, disastrous conclusions (both aesthetic and practical) when extended to the meson sector, and a probable inconsistency with heavy quark symmetry. The Glozman-Riska model should therefore be discarded whether or not one has concerns about its foundations.
